Coastal and demersal chondrichthyans, such as the small-spotted catshark, are expected to exhibit genetic differentiation in areas of complex geomorphology like the Mediterranean Basin because of their limited dispersal ability. To test this hypothesis, we used a fragment of the mitochondrial cytochrome c oxidase subunit I gene and 12 nuclear microsatellite loci in order to investigate the genetic structure and historical demography of this species, and to identify potential barriers to gene flow. Samples were collected from the Balearic Islands, the Algerian Basin, the Ionian Sea, the Corinthian Gulf and various locations across the Aegean Sea. Additional sequences from the Atlantic and the Levantine Basin retrieved from GenBank were included in the mitochondrial DNA analysis. Both mitochondrial and nuclear microsatellite DNA data revealed a strong genetic subdivision, mainly between the western and eastern Mediterranean, whereas the Levantine Basin shared haplotypes with both areas. The geographic isolation of the Mediterranean basins seems to enforce the population genetic differentiation of the species, with the deep sea acting as a strong barrier to its dispersal. Contrasting historical demographic patterns were also observed in different parts of the species' distribution, most notably a population growth trend in the western Mediterranean/ Atlantic area and a slight decreasing one in the Aegean Sea. The different effects of the Pleistocene glacial periods on the habitat availability may explain the contrasting demographic patterns observed. The current findings suggest that the smallspotted catshark exhibits several genetic stocks in the Mediterranean, although further study is needed.
INTRODUCTION
Sharks as top predators have an important ecological role in the marine environment, comprising at the same time one of the world's largest fisheries resources (FAO, 2014) . However, the growth of fisheries at global scale has led several species to come under threat, mainly because of their inherent characteristics such as slow growth, late maturity and low fecundity (Worm et al., 2013) , which limit their capacity to recover from population declines (for example, Cailliet et al., 2005) .
The inadequate scientific information on chondrichthyan population structure is often one of the reasons for failing to introduce suitable measures for their conservation (Cavanagh and Gibson, 2007) . However, during the last two decades, significant progress has been made in our understanding of the historical and contemporary processes driving chondrichthyan population genetic patterns (Dudgeon et al., 2012) . Recent studies of sharks and other chondrichthyans have shown that the level of intraspecific genetic differentiation appears to be highly correlated with species' dispersal ability, which is dependent on their maximum body size and habitat preference (coastal, pelagic or benthic) (Verissimo et al., 2010) . Sharks, like all elasmobranchs, do not have pelagic eggs and larvae, and consequently their dispersal ability and potential to overcome barriers depend on actively swimming adults, being usually higher in large, pelagic and oceanic species (Musick et al., 2004) . For example, large, oceanodromous species, such as the shortfin mako, Isurus oxyrinchus (Schrey and Heist, 2003) and the basking shark, Cetorhinus maximus (Hoelzel et al., 2006) , exhibited genetic homogeneity across ocean basins. On the other hand, strong genetic structure was observed in less vagile, demersal species, such as the nurse shark, Ginglymostoma cirratum (Karl et al., 2012) and the whitetip reef shark, Triaenodon obesus (Whitney et al., 2012) . Nonetheless, strong genetic structure has been reported even in highly vagile species, being attributed either to site fidelity, as for the sandbar shark, Carcharhinus plumbeus (Portnoy et al., 2010) or to environmental barriers, as for the spiny dogfish Squalus acanthias (Verissimo et al., 2010) .
In the Mediterranean Sea, the dropping of the sea level during the glacial periods of the Pleistocene affected the hydraulic connectivity between basins by reducing water flow regimes among the western and eastern Mediterranean and the Atlantic. This phenomenon, together with changes in abiotic (for example, temperature and salinity) and biotic factors (for example, productivity), led many marine taxa to periods of extinction and recolonization, but also to genetic differentiation, which may have been retained because of past or present-day hydrographic barriers to gene flow (Patarnello et al., 2007; Pérez-Losada et al., 2007) . Within the Mediterranean, different barriers to gene flow have been identified, such as the Almeria-Oran front formed east of the Strait of Gibraltar by the convergent Atlantic and Mediterranean water masses (Galarza et al., 2009) , the SiculoTunisian Strait, which divides the eastern and western Mediterranean basins, and the hydrographic isolation of the Aegean, Ionian and Adriatic Seas (for example, Pérez-Losada et al., 2007 and references therein) .
The small-spotted catshark, Scyliorhinus canicula (Linnaeus, 1758), is one of the smallest catshark species and the most abundant in the European inshore waters (Ellis and Shackley, 1997) . It is distributed on the continental shelf and uppermost slope waters throughout the Mediterranean Sea, as well as in the northeast Atlantic Ocean, from Norway and the British Isles in the north, to Senegal and possibly along the Ivory Coast to the south (Compagno, 1984) . It is characterized as a bottom dwelling species, occurring primarily over sandy, gravel or muddy bottoms from a few metres down to 500 m in depth (Compagno, 1984) . Through internal fertilization and oviparity, it produces egg cases throughout the year (Kousteni et al., 2010) , which are anchored to macroalgae and other solid structures (Wheeler, 1978) . As an opportunistic scavenger, it interacts greatly with the substratum in order to feed on a wide range of benthic fauna (Mnasri et al., 2012) . According to a tagging study, adults show high degree of site fidelity, whereby 70% of the recaptured individuals did not move 424 km and the maximum distance recorded was 256 km (Rodríguez-Cabello et al., 2004) .
Although the species is listed as Least Concern (IUCN, 2014) , it was considered overexploited in a recent stock assessment (Cardinale and Osio, 2013) , whereas in some areas localized depletion of its populations has already been reported (Gibson et al., 2006) . In general, it is a moderately important commercial species, which is primarily caught as bycatch in various demersal fisheries and retained for human consumption, oil extraction or fish bait (Compagno, 1984) . It is also commonly displayed in public aquaria because of its relatively easy maintenance in captivity, while several thousand egg cases are produced annually to meet the needs of the international scientific community, which uses this species as a genomic model (Coolen et al., 2009) .
Coastal, demersal and small-sized chondrichthyans with low dispersal potential, like the small-spotted catshark, are expected to exhibit genetic differentiation and low connectivity, especially in areas of complex geomorphology such as the Mediterranean Sea. However, a study of the thornback ray, Raja clavata, showed that the Mediterranean populations were undifferentiated, sharing only a single ancestral mitochondrial haplotype, and the respective analyses suggested a strong bottleneck and a subsequent isolation from the Atlantic (Chevolot et al., 2006) . Griffiths et al. (2011a) did not find any shared haplotypes between Atlantic and Mediterranean samples of the longnose skate, Dipturus oxyrinchus, suggesting the genetic isolation of the Mediterranean from the other stocks. On the other hand, first indications for the genetic differentiation of the small-spotted catshark within the Mediterranean were recently found based on mitochondrial DNA (mtDNA) analysis (Barbieri et al., 2014) .
Previous attempts to identify the small-spotted catsharks' stocks in the Atlantic had relied on the spatial variation in natural marks, including parasites (Moore, 2001 ) and mercury concentrations (Leah et al., 1991) , as well as on tagging studies (Rodríguez-Cabello et al., 2004) , all of them suggesting localized populations. Moreover, the latitudinal variation on the species' life history traits, namely, the increase of body size (for example, Leloup and Olivereau, 1951 ) and size at maturity (for example, Kousteni et al., 2010) from the Mediterranean to the Atlantic, suggests the presence of distinct stocks in these areas.
In this study, the population genetic structure and the historical demography of the small-spotted catshark were assessed in different spatial scales (within and between basins) by two types of genetic markers with different modes of inheritance: the mtDNA cytochrome c oxidase subunit I (COI) gene and 12 polymorphic nuclear microsatellite loci. Based on these data, we tested the hypothesis that smallspotted catsharks form several genetic stocks in the Mediterranean because of their life history traits in combination with the complex geomorphology of the region. We further tried to identify current and historical barriers to gene flow as well as explore the Pleistocene's effects on the historical demography of the species. Finally, we discussed the implications of our findings for the management and conservation of this species.
MATERIALS AND METHODS

Sample collection and DNA extraction
Small-spotted catsharks were caught by commercial bottom trawlers and bottom longliners in the Mediterranean Sea between December 2005 and June 2012 at depths between 66 and 512 m. Sampling was carried out across the Mediterranean Sea, from the western to the eastern basins ( Figure 1 , Table 1 ). It was denser in the east where sample collections were obtained from different sub-basins within the Aegean. In this way, the population genetic structure was assessed on either side of the potential barriers to gene flow and at different spatial scales.
Individual fin clips were preserved in 95% ethanol at room temperature. Total genomic DNA was extracted from approximately 25 mg of fin tissue following the salting-out protocol by Miller et al. (1988) . The geographic origin and the number of specimens used in mtDNA and nuclear microsatellite data analyses are shown in Table 1 . Thirty-nine additional sequences were included in the mtDNA analysis (Table 1) : 17 from the Atlantic (ATL; accession numbers: JQ774728-JQ774732, JQ774911-JQ774914, JQ775119-JQ775126) by Costa et al. (2012) and 22 from the Levantine Basin (LEV; accession numbers: JN641222-JN641233, JN641234-JN641243) by Moftah et al. (2011) .
PCR amplification and sequencing of mtDNA COI
A 738-bp fragment of the mtDNA COI gene was amplified for each of the 392 specimens by PCR using the M13-tailed primers FishF2_t1 and FishR2_t1 (Ward et al., 2005; Ivanova et al., 2007) . The tailed primers were used to generate longer sequencing reads. PCR reactions were performed in 10 μl total volume containing: 1 μl DNA template, 5 μl trehalose (10%), 1.9 μl ultra-pure water, 1 μl 10x PCR buffer, 0.5 μl of MgCl 2 (50 mM), 0.2 μl dNTPs (10 mM), 0.15 μl of each primer (10 μΜ) and 0.5 U Taq polymerase. Amplifications were performed in a T100 thermal cycler (Bio-Rad, Hercules, CA, USA) with an initial denaturation of 2 min at 95°C, followed by 35 cycles of 30 s at 94°C, 45 s at 51°C and 45 s at 72°C, and a final extension step for 10 min at 72°C.
PCR products (1 μl) were visualized on agarose gels and the remaining volume was purified by ethanol precipitation. The forward and-in cases where the full sequence was not obtained-the reverse strands of the amplicons were sequenced using the ABI Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems Inc., Foster City, CA, USA) and run on an ABI 3730xl DNA sequencer (Applied Biosystems Inc., Carlsbad, CA, USA). Each sequencing reaction mixture (total volume 6 μl) consisted of 0.3 μl Big Dye, 0.096 μl forward primer (10 μΜ), 1.05 μl 5x buffer and 10-20 ng of DNA template, and the remaining volume of the reaction was completed with ultra-pure water. Cycle sequencing reaction was performed with an initial denaturation of 3 min at 96°C, followed by 40 cycles of 20 s at 96°C, 15 s at 55°C and 4 min at 60°C, and final incubation at 4°C.
The mtDNA COI sequences were imported in BioEdit v7.2 (Ibis Therapeutics, Carlsbad, CA, USA) and checked by eye for quality and accuracy in nucleotide base assignment. All the sequences were aligned with the CLUSTAL W algorithm (Higgins et al., 1994) , using the software MEGA v5.1 (Kumar et al., 2008) , and were trimmed to 590 bp for further analysis. MEGA Genetic structure of the small-spotted catshark V Kousteni et al was used to identify singleton mutations and parsimony informative sites. The 392 sequences obtained in this study were deposited in GenBank (accession numbers: KM819715-KM820106) and, together with 39 previously published sequences (Moftah et al., 2011; Costa et al., 2012) , represented 11 sample collections according to their geographic origin (Table 1) .
PCR amplification and genotyping of microsatellite loci
A total of 834 individuals were genotyped at 12 microsatellite loci (Scan02, Scan03, Scan04, Scan06, Scan09, Scan10, Scan11, Scan12, Scan13, Scan14, Scan15 and Scan16) described in Griffiths et al. (2011b) . The loci were chosen after testing for consistent amplification. The forward primers were Table 1 .
Genetic structure of the small-spotted catshark V Kousteni et al fluorescently labelled with FAM, HEX or ROX. All 12 loci were amplified together in a single multiplex PCR reaction using the QIAGEN Multiplex PCR Kit (Qiagen, Chatsworth, CA, USA) and protocol, and electrophoresed on an ABI 3730xl along with the GeneScan 500 LIZ size standard (Applied Biosystems Inc., Foster City, CA, USA). PCR reactions were repeated for several (16.07%) individuals in order to fill in missing data and to confirm genotypes. Genotypes were scored manually with the software STRand v2.4.59 (Veterinary Genetics Laboratory, University of California, Davis, CA, USA). The software MICROCHECKER v2.2.3 (Van Oosterhout et al., 2004) was used to check for null alleles, large allele dropout and stutter peaks. All 834 individual genotypes were finally grouped into 10 sample collections according to their geographic origin (Table 1) .
Genetic diversity
The genetic variability of mtDNA COI sequences (number of singleton and parsimony informative sites) and the genetic p-distance among haplotypes were estimated in MEGA. Molecular diversity indices for the mtDNA COI fragment, including the number of haplotypes (Hap), the number of polymorphic sites (P), haplotype diversity (h), nucleotide diversity (π) and the mean number of nucleotide differences between haplotypes (k), were calculated for each sample collection using the software ARLEQUIN v3.5.1.2 (Excoffier et al., 2005) .
For the nuclear microsatellite data, deviations from Hardy-Weinberg equilibrium and tests for linkage disequilibrium were performed in GENEPOP v4.2 (Raymond and Rousset, 1995) with Markov chain lengths obtained with the parameters: dememorization number = 10 000, number of batches = 100, number of iterations per batch = 5000. Indices of genetic diversity including the number of alleles per locus (A), observed heterozygosity (H O ) and expected heterozygosity (H E ) were calculated for each locus and sampling location using the software ARLEQUIN. Allelic richness (A R ) was calculated by the software FSTAT v2.9.3.2 (Goudet, 2001) . The inbreeding coefficient (F IS ) and its significance value for each sample collection were estimated using the software GENEPOP. Sequential Bonferroni correction was used to adjust the significance levels (Rice, 1989) .
Population differentiation and structure
The relationships of the mtDNA haplotypes were depicted with a medianjoining network (Bandelt et al., 1999) that was constructed in the software NETWORK v.4.6.1.1 (Fluxus Technology Ltd, Suffolk, UK).
The level of among-population genetic differentiation was estimated in the software ARLEQUIN by calculating the pairwise Φ ST values for the mtDNA, based on the mean number of pairwise differences among sequences and the pairwise F ST values for the nuclear microsatellite data based on allelic frequencies. Statistical significance was assessed using 1000 permutations of the data and sequential Bonferroni correction was used to adjust the significance levels (Rice, 1989) .
The hierarchical structure of populations was assessed for each type of marker by analysis of molecular variance implemented in ARLEQUIN. For mtDNA, a Kimura two-parameter genetic distance matrix between haplotypes was used, whereas for nuclear microsatellite data, analysis of molecular variance was performed on a locus-by-locus basis and integrated over all the loci, based on allelic frequency data. Three different sample collection groupings were tested, considering their geographic origin and their genetic differentiation inferred by the Φ ST and F ST values: (a) one group, including all samples that accounted for one panmictic population, (b) two groups, the first including the western Mediterranean (plus the ATL for mtDNA) and the second including the eastern Mediterranean, and (c) three groups, the first including the western Mediterranean (plus the ATL for mtDNA), the second including the Ionian Sea (ION) and the Corinthian Gulf (COR) and the third including the remaining sampling sites from the eastern Mediterranean. For both markers, the statistical significance was estimated using 1000 permutations.
A neighbour-joining tree of the populations was constructed based on the microsatellite allele frequency data using the software POPTREE v2.0 (Takezaki et al., 2010 ). Nei's D A genetic distance measure (Nei et al., 1983) was used with 1000 bootstrap replications.
The population structure was also assessed using a Bayesian model-based clustering approach implemented in STRUCTURE v.2.3 (Pritchard et al., 2000) . This programme builds genetic clusters by minimizing linkage disequilibrium and deviations from Hardy-Weinberg equilibrium expectations. All the individuals were assigned to clusters without prior knowledge of their geographic origin using the admixture model with correlated allelic frequencies. Five independent runs with a number of potential genetic clusters (K) from one to five were carried out to verify that the estimates of K were consistent across runs. The burn-in length was set at 250 000 iterations followed by a run phase of one million iterations. The generated results were imported into the software STRUCTURE HARVESTER (Earl and von Holdt, 2012) to calculate the ad hoc ΔK statistic (Evanno et al., 2005) . The K value, where ΔK had the highest value was identified as the most likely number of clusters. The results from STRUCTURE analysis were summarized by creating a histogram plot in MS EXCEL 2007, where each individual was represented by a single vertical line broken into K coloured segments with lengths proportional to each of the K inferred clusters (Pritchard et al., 2000) .
Demographic history
Three commonly used methods were applied on the mtDNA data set to explore the demographic history of the different small-spotted catshark sample collections that seemed to constitute distinct evolutionary units.
First, deviations from selective neutrality and evidence for population expansion were tested with Fu's F s estimator (Fu, 1997) implemented in ARLEQUIN. Under demographic expansion, this index is expected to have significant negative values.
Second, evidence of population expansion was tested by mismatch distribution analysis implemented in ARLEQUIN. This method is based on the assumption that population growth or decline leaves distinctive signatures in the DNA sequences compared with a constant population size (Rogers and Harpending, 1992) . A mismatch distribution was constructed by comparing the observed frequency distribution of pairwise nucleotide differences between haplotypes to that expected under a sudden population expansion model (Schneider and Excoffier, 1999) . The mismatch distribution is expected to be multimodal in stable populations and unimodal in recently expanding populations. The Harpending's raggedness index (r), quantifying the smoothness of the observed mismatch distributions, was computed to determine the goodness of fit to a unimodal distribution (Harpending, 1994) . The statistical significance was tested using a bootstrap approach (1000 permutations). A significant raggedness index value (P r o0.05) was taken as evidence for rejecting the sudden population expansion model (Schneider and Excoffier, 1999) . The time at which population expansion began (t) was calculated from the equation τ = 2μt, where τ is the mode of the mismatch distribution and μ is the mutation rate for the entire sequence. For DNA sequence data covering k nucleotides, the mutation rate (μ) equals to: μ = ku, where u is the mutation rate per nucleotide (Rogers and Harpending, 1992) . Given the lack of a speciesspecific mutation rate for the COI gene, the substitution rate (2.38 × 10 − 9 substitutions per site per year) that was reported for the COI gene in angel sharks (Stelbrink et al., 2010) was used.
Third, in order to reconstruct the past population dynamics of the smallspotted catshark, a Bayesian skyline plot model was computed in the software BEAST v1.7.5 (Drummond et al., 2012) . A strict molecular clock was assumed under an HKY+I substitution model of molecular evolution determined by jMODELTEST v.2.1.4 (Darriba et al., 2012) . Each subset was run twice for 100 million iterations of the Markov chain Monte Carlo chains, following a burn-in length of 10 million iterations and sampled every 1000 steps, starting from an UPGMA tree and applying default Bayesian priors. The Bayesian skyline reconstructions were conducted in the software TRACER v.1.5 (Rambaut and Drummond, 2007) . The time to the most recent common ancestor (t MRCA ) was inferred for each Bayesian skyline plot model.
RESULTS
Genetic diversity
Out of 431 mtDNA sequences, 37 haplotypes were identified based on 32 polymorphic sites (11 singleton and 21 parsimony informative sites) (Supplementary Table S1 ). Ten of these haplotypes had been Genetic structure of the small-spotted catshark V Kousteni et al previously identified by Costa et al. (2012) in the ATL (hap1, 4, 5, 7, 8, 14) and by Moftah et al. (2011) in the LEV (hap1, 2, 4, 6, 12, 13). The genetic p-distance between haplotypes was low and ranged from 0.17 to 1.36%. The overall haplotype (h) and nucleotide (π) diversity were 0.808 ± 0.012 and 0.0032 ± 0.002, respectively. The COR showed the lowest haplotype (0.439 ± 0.158) and nucleotide (0.0011 ± 0.001) diversity, whereas the LEV showed the highest haplotype (0.9 ± 0.036) and nucleotide (0.0043 ± 0.0027) diversity. The mean number of nucleotide differences between haplotypes within populations (k) ranged from 0.64 (COR) to 2.52 (LEV) ( Table 2 ). The analysis of the 12 microsatellite loci showed no evidence for null alleles, short allele dominance or stuttering. Pairwise comparisons between loci revealed no linkage disequilibrium, whereas departures from Hardy-Weinberg equilibrium were detected only in locus Scan02 in one sample (ION) and in locus Scan03 in two samples (ION and Cyclades Islands (CYC)) (Supplementary Table S2 ). Genetic diversity (measured as observed heterozygosity) was similar among samples, ranging from 0.54 (Cretan Sea (CRE)) to 0.64 (Algerian Basin (ALG)), whereas allelic richness ranged from 4.62 (COR) to 5.63 (ALG) ( Table 2) .
Phylogeographic analysis
The haplotype network had a star-like shape and consisted of a central haplotype (hap1) that was observed in all sampling sites and was shared by 34% of the specimens (Figure 1 ). The rest of the haplotypes were found either in the western Mediterranean/Atlantic or in the eastern Mediterranean. The LEV was an exception, as it contained haplotypes from both the aforementioned areas. Apart from the central haplotype, there were four other abundant haplotypes (45% frequency in the whole data set): two of them (hap2 and 3) found in the eastern Mediterranean, and the other two (hap4 and 5) in the western Mediterranean/Atlantic. Haplotypes 2 and 4 were also found in the LEV. In total, 12 haplotypes were found in more than one location and 25 were private (20 of which were singletons) (Supplementary Table S1 ).
Population differentiation and structure
For mtDNA, pairwise Φ ST values ranged from 0 to 0.516 and were significant for all pairwise comparisons between the western Mediterranean/Atlantic and eastern Mediterranean sample collections, except between ATL and LEV (Table 3) . Within the western Mediterranean/Atlantic and the eastern Mediterranean, pairwise Φ ST values were not significant.
For nuclear microsatellite data, pairwise F ST values ranged from 0 to 0.100 (Table 3) . Pairwise F ST estimates were significant among collections from the western (Balearic Islands (BAL), ALG) vs eastern Mediterranean (all other collections). All comparisons including either the ION or the COR were also significant, except ION vs COR, which was not significantly different. In the western Mediterranean, BAL and ALG were also significantly different. Within the Aegean Sea, the pairwise F ST values ranged from 0 to 0.009 and were not significant, except between north Aegean Sea (nAEG) and Myrtoan Sea (MYR).
The results of the analysis of molecular variance analysis were generally concordant between mtDNA and microsatellites (Supplementary Table S3 ). The null hypothesis of global panmixia was rejected because of significant genetic heterogeneity among various sampling sites (Φ ST = 0.263, F ST = 0.040, Po0.001). The highest among group differentiation (Φ CT = 0.409, Po0.01 for mtDNA and F CT = 0.064, Po0.05 for microsatellites) was found when considering two main groups: the first including all samples from the western Mediterranean (plus ATL for mtDNA analysis) and the second including all samples from the eastern Mediterranean (plus LEV for mtDNA analysis).
The neighbour-joining tree of populations based on Nei's D A genetic distance from allelic frequency data (Figure 2 ) indicated that the western Mediterranean samples formed one group, all the Aegean samples formed another one, whereas the ION and the COR had intermediate positions between the Mediterranean and the Aegean groups.
The genetic subdivision between the western and eastern Mediterranean that was inferred from the previous analyses is also consistent with the number of clusters identified by STRUCTURE. Based on the Genetic structure of the small-spotted catshark V Kousteni et al Figure 2 Neighbouring-joining tree based on Nei's genetic distances D A generated from nuclear microsatellite allele frequencies of Scyliorhinus canicula sample collections with bootstrap values estimated from 1000 replications (a). Genetic clustering of Scyliorhinus canicula sample collections based on 12 microsatellite loci for the best K = 2, generated from STRUCTURE analysis. The collections are separated by black vertical lines. Each individual is represented by a narrow vertical column broken into K = 2 coloured segments with lengths proportional to each of the inferred K clusters (b). The sample collection codes are explained in Table 1 . Figure S1) . Both clusters were represented in all 10 populations, but with different proportions (Figure 2 ). Both the BAL and the ALG (western Mediterranean) exhibited high population homogeneity with the lowest proportion of ancestry in cluster 1 (3% and 12%, respectively), whereas the locations from the Aegean Sea had the highest proportion in this cluster (79-90%). The ION had almost equal proportions to both clusters (55% in cluster 1) and the COR had a higher proportion in cluster 1 (74%).
Demographic history
Fu's neutrality test and the mismatch distribution analysis were performed for the whole mtDNA data set, as well as separately for the western Mediterranean/Atlantic, Ionian and Aegean collections, considering the patterns revealed by pairwise Φ ST (Table 4) . Βased only on the mismatch distribution analysis, all the sample collections conformed to the model of sudden population expansion (Figure 3) . However, the statistically significant negative Fu's index, in combination with the nonsignificant raggedness index, indicated a sudden population expansion scenario only for the western Mediterranean/ Atlantic sample collections. According to the population expansion parameter (τ) and given the assumed mutation rate, the population expansion of the western Mediterranean/Atlantic sample was estimated at about 574 thousand years before the present (ky BP) (464-734 ky BP at 95% confidence interval). This estimate is broad, but suggests a scenario of Middle Pleistocene population expansion for the small-spotted catshark in the western Mediterranean (Table 4) .
The Bayesian Skyline plots also suggested a sudden population growth of the western Mediterranean/Atlantic group, which was estimated to have started slightly later (at about 450 ky BP) than predicted by the mismatch distribution. However, it also supported a Middle Pleistocene population expansion event. The pattern for the Ionian and the Aegean collections was that of a stable population showing a slight increasing trend for the Ionian and a slight decreasing trend for the Aegean population (Figure 3) . It seems that the sudden population expansion scenario is supported by all three demographic analyses only in the case of the western Mediterranean/Atlantic sample collections.
DISCUSSION
Population structure and barriers to gene flow Strong genetic structure was revealed for the small-spotted catshark, Scyliorhinus canicula, by both mitochondrial and nuclear microsatellite data analyses. This structure can be attributed to the low dispersal ability of the species because of its life history traits, especially the preference for coastal and benthic habitats, the lack of pelagic developmental stages (Compagno, 1984) , and the high degree of site fidelity (Rodríguez-Cabello et al., 2004) . Considering the species' characteristics, we can assume that the deeper marine basins constitute a strong natural barrier to its dispersal. This notion is supported by the different levels of genetic differentiation observed between locations across similar spatial scales that are separated by different depths. There was very little differentiation within a distance of~300 km in the Aegean Sea (max F ST = 0.009), which is mainly a shallow plateau that provides a relatively continuous habitat for the small-spotted catshark. In contrast, in the western Mediterranean there was significant divergence between the sample collections from the Balearic Islands and the Algerian Basin (F ST = 0.032), which are o300 km apart but are separated by the Balearic Abyssal Plain. The effect of deep marine basins as a barrier to dispersal has also been demonstrated for other demersal chondrichthyans, such as the nurse shark, between the Brazilian coast and the offshore islands (Karl et al., 2012) , and the thornback ray, between the European continental shelf and the Azores (Chevolot et al., 2006) .
The genetic subdivision of the small-spotted catshark sample collections was mainly observed between the western and eastern Mediterranean. It was especially pronounced in the phylogeographic structure of the mtDNA haplotypes, where a central ancestral haplotype was found in all samples, whereas the derived haplotypes were present either in the western Mediterranean/Atlantic or in the eastern Mediterranean. An exception to this pattern was the Levantine Basin, which shared haplotypes with both the aforementioned areas. This indicates that the Siculo-Tunisian Strait is not an impermeable barrier to gene flow for this species, although its narrowing during the Pleistocene glacial periods probably enforced the genetic differentiation between the western and eastern Mediterranean. The disconnected position of the shared haplotypes of the Levantine Basin in the phylogenetic network suggests a historical gene flow from the northeastern and western Mediterranean to this area. This probably occurred along the coast, as the deep sea seems to be a natural barrier to the species' dispersal.
Further genetic differentiation, but only at the nuclear level, was observed within the western (BAL vs ALG) and eastern (ION and COR vs all Aegean sample collections) Mediterranean. The ION and COR samples had an intermediate position between the western Mediterranean and the Aegean in the nuclear microsatellite analysis, but not in the mtDNA analysis, as they shared haplotypes (apart from the central) only with the Aegean sample. The genetic isolation of both the Aegean and Ionian Seas from the western Mediterranean probably reflects their geographic isolation through the deep Hellenic Trench (44000 m), lying along the western and southwestern Hellenic coast (Stergiou et al., 1997) . In several marine species, the major genetic break or limitation to dispersal between the western and eastern Mediterranean was also related to the isolation of the Ionian and Abbreviations: CI, confidence interval; COI, cytochrome c oxidase subunit I; F s , Fu's test; Inf., infinite; P Fs , P-value of Fu's test; P r , P-value of raggedness index; r, Harpending's raggedness index; τ, Tau; θ 0 , initial theta; θ 1 , current theta. The sample collection codes are explained in Table 1 . AEG includes the sample collections from the Aegean Sea.
Aegean Seas, and not to the Siculo-Tunisian Strait (Borrero-Pérez et al., 2011 and references therein).
On the other hand, limited genetic connectivity between the Ionian and Aegean Seas was revealed with occasional dispersal events from one area to the other. For instance, haplotype 3 was found almost exclusively in the Aegean and in low frequency in the Ionian, indicating a dispersal event from the former to the latter. At the same time, haplotype 2 was found in high frequency in both areas, and it was connected to the ancestral haplotype through haplotype 16, which was present only in the Ionian Sea. The latter may indicate dispersal Genetic structure of the small-spotted catshark V Kousteni et al from the Ionian to the Aegean. However, this could also be explained by genetic drift because of habitat fragmentation and population decline. Finally, the Corinthian Gulf, which is today a deep inlet (935 m) of the Ionian Sea separating the Peloponnese from the Greek mainland, was a lake during the last glacial maximum, when the sea level was about 120 m lower than present (Sakellariou et al., 2010) . Based on radiochronology data, it was shown that sea water entered the former lake of the Corinthian Gulf through shallow straits about 13-14 ky BP (Sakellariou et al., 2010) . Hence, the small-spotted catshark was probably established there during the Holocene from the Ionian Sea, when these areas were connected through the neighbouring Patraikos Gulf. To the east, the Corinthian Gulf was delimited from the Aegean Sea by the homonymous Isthmus until 1893, when a canal was constructed. The fact that one of the three haplotypes that were found in the COR was present in the Aegean (hap10), but not in the ION, may indicate very recent gene flow from the Aegean to the Corinthian Gulf. This assumption is further supported by the higher partition of the COR collection to cluster 1 (dominated by the Aegean sample collections) compared to the ION collection (Figure 2 ), in STRUC-TURE analysis. Nevertheless, the sample size for the COR is relatively small for a safe conclusion to be drawn.
The observed genetic structure in this study is not congruent with previous findings by Barbieri et al. (2014) using mtDNA sequences alone. In that study, the western (Catalan, Ligurian and Tyrrhenian Seas) and eastern (Strait of Sicily and Levantine Basin) Mediterranean were not significantly divergent. However, genetic differentiation was detected between the Atlantic and the western Mediterranean, as well as between the Adriatic and the eastern Mediterranean. These differences may be attributed mainly to the different sampling scheme that was used.
Comparison with other chondrichthyan species of similar distribution and life history The population genetic pattern found for the small-spotted catshark is not congruent with findings in the thornback ray (Chevolot et al., 2006) and the longnose skate (Griffiths et al., 2011a) , although they have a similar geographic distribution and life history traits (Compagno, 1984) . For the thornback ray, which also exhibits high degree of site fidelity (Hunter et al., 2005) , a single mitochondrial haplotype was identified in the Mediterranean, attributed to a relatively recent expansion following a bottleneck (Chevolot et al., 2006) . A similar pattern may have occurred for the small-spotted catshark much earlier in the past, as is suggested by the presence of a widespread, ancestral mitochondrial haplotype in high frequency in all the small-spotted catshark collections (which is consistent with a strong historical bottleneck followed by expansion). This may have happened either during a glacial period of the Pleistocene with the formation of a refugial population that at a later interglacial period expanded throughout the Mediterranean, or during a colonization event of the Mediterranean from the Atlantic. After the expansion, subsequent barriers to gene flow produced the current genetic differentiation. In conclusion, the different genetic patterns observed between the two species could reflect similar phylogeographic events that occurred at different periods of historical time.
In the small-spotted catshark, the lack of significant genetic differentiation between the Atlantic and the western Mediterranean at the mtDNA level contrasts the strong genetic differentiation that was detected in the longnose skate (Griffiths et al., 2011a) . Griffiths et al. (2011a) found no shared haplotypes between the Atlantic and the Mediterranean collections, possibly because the Atlantic collections (Rockall Bank and off Norway) were geographically very distant from the Mediterranean ones (Mallorca and Menorca). However, the genetic differentiation of both species between the Atlantic and the Mediterranean remains to be clarified with more markers (for example, nuclear) and a more appropriate sampling scheme.
Nevertheless, a comparative analysis of several bony fishes in the Mediterranean failed to show any particular association between biological traits and population genetic patterns, even in closely related species with similar life history characteristics and dispersal abilities (Patarnello et al., 2007) . In any case, the stochastic nature of the historical events could explain these discrepancies.
Demographic history
Apart from the strong population structure, contrasting patterns of demographic history of the small-spotted catshark were detected in different areas. In the western Mediterranean/Atlantic, a pattern of sudden population growth was detected that started in the Middle Pleistocene. This finding is in accordance with similar estimations for several chondrichthyan species (Chevolot et al., 2006 and references therein) . On the other hand, the species exhibited a pattern of slight declining population size in the Aegean Sea and a slight increasing trend in the Ionian Sea.
These spatial differences in the demographic history of the smallspotted catshark could be attributed to the respective differences in favourable conditions and/or habitat availability during the Pleistocene glacial-interglacial cycles that caused dramatic shifts of the European coastline.
The Aegean Sea is a semi-closed basin fragmented by thousands of islands, delimited to the south by very deep marine basins and connected to the neighbouring areas by narrow strips of continental shelf. During the glacial periods of the Middle Pleistocene (425-250 ky BP), almost 50-60% of this area became land, with extensive drainage systems, deltaic plains and large lakes in the central and north parts (Lykousis, 2009) . A similar situation also occurred during the last glacial period (Perissoratis and Conispoliatis, 2003) . Consequently, the available habitat of the small-spotted catshark was severely restricted, with negative effects on its populations. Moreover, the post-glacial recovery of its populations was probably not so intense-because of the restricted area of the Aegean Sea-as to create a pattern of demographic expansion. These events probably explain the general historical demographic pattern of a slightly declining population in the Aegean Sea, which is also reflected in the low haplotype diversity detected in the respective sample collections (only six haplotypes were found in a total of 233 individuals sequenced).
The Pleistocene glacial-interglacial periods, probably also affected the Ionian Sea, which is an elongated embayment of the Mediterranean Sea and covers a narrow continental shelf along the west Hellenic coast (Perissoratis and Conispoliatis, 2003) . However, it communicates with the shallow region of south Adriatic and south Italy, providing an area for population expansion. It is also less fragmented by islands compared to the Aegean. Thus, the effects of glaciations on the habitat and the population sizes of the small-spotted catshark may have been less severe in the Ionian Sea.
In the western Mediterranean, the historical population growth of the small-spotted catshark that contributed to its higher haplotype diversity may be explained by the less fragmented seascape, which was consequently less affected by the glacial periods and/or by the communication with the Atlantic Ocean. The latter may have served either as a new area for colonization during the interglacial periods or as a refuge during the glacial ones. Actually, the high haplotype diversity in the Atlantic sample may be consistent with the existence of a Pleistocene refuge along the Iberian Peninsula as it was also found for the thornback ray (Chevolot et al., 2006) , although more samples are needed to test this hypothesis.
Conservation and management implications
This study indicates that the small-spotted catshark exhibits distinct genetic stocks within the Mediterranean, although more extended sampling is needed for their precise identification and delineation. According to our data, four distinct genetic stocks can be distinguished: off the Balearic Islands, off Algeria, as well as in the Ionian and Aegean Seas, which could be considered as separate management units. The finding that deep marine basins are a strong natural break in the species' genetic connectivity should also be taken into account for future conservation and management plans, as populations in semi-isolated areas, such as the Aegean Sea, may be more vulnerable to over-exploitation and more difficult to recover after collapse.
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